The Knudsen-cell mass spectrometry and the integral Knudsen effusion technique under ultra-high neutral vacuum were used to study evaporation of pure Fe, Cu and molten Fe-Cu alloys containing up to 10.1 mol% Cu in the temperature range of 1 440 to 1 916 K. Standard sublimation enthalpies of Fe and Cu and thermodynamic characteristics of the Fe-Cu liquid solution were calculated. The obtained results and literature data were applied for assessment of potentialities of steel decopperizing technology based on evaporation. The time required for a decrease in Cu concentration from 0.6 to 0.3 wt% through evaporation from the exposed surface of a 160-tons ladle into vacuum of 100 Pa amounts to 5 h. Decopperizing can be accelerated by combination of vacuum treatment with blowing neutral gases through the molten metal. Two processes are responsible for removal of copper in this case: transfer into gas bubbles, free-rising from the ladle bottom to its surface, and evaporation from molten metal surface, turbulized by blowing-through gas. The length of treatment required for the above decrease in copper concentration under the most favorable conditions (the highest vacuum over the ladle and the highest velocity of gas-stream blowing through the molten metal used in metallurgy) reduces to 1.5 h.
Introduction
Increasing consumption of metal scrap implies progressively growing contamination of steel with cooper that is considered as deleterious impurity because it affects adversely the metal properties. Therefore, the problem of decopperizing becomes more and more important for ferrous metallurgy. The main difficulties of its solution are caused by the fact that copper, in comparison with iron, is less reactive element so that traditional techniques of refinement cannot be applied for its extraction. Various methods of decopperizing were proposed: transfer of copper into metals, for example lead, that does not dissolve in iron 1) ; treatment of steel with Na 2 S-or Na 2 SO 4 -based fluxes [2] [3] [4] [5] [6] ; submersion into liquid aluminum 7) ; sulfurizing of steel up to ϳ1.5 wt% S and subsequent removal of both copper and sulfur using sodium compounds. 8) However, grave disadvantages are inherent in all approaches listed, among which are very low copper distribution coefficient, contamination of steel with sulfur and production facilities with lead, difficulties in practical implementation. Therefore, none of these methods is used industrially.
It is well known that the vapor pressure of copper is significantly higher than that of iron and therefore it is possible to remove copper from steel by means of evaporation. 9, 10) The recent [11] [12] [13] [14] [15] studies clearly demonstrated that the refinement technology founded on evaporation is feasible in principle, however no assessment of its efficiency was carried out. What is more the available information on thermodynamics of solutions of copper in iron required for this type assessment is rather contradictory. For example, according to the data available [16] [17] [18] [19] [20] [21] the limiting activity coefficient of Cu at 1 873 K varies from 7.8 to 12.
The objective of this work is to study evaporation of molten iron-copper alloys, to use the obtained results for assessment of possibilities of steel decopperizing technology based on evaporation and verify the assessed characteristics by experimental modeling of the decopperizing process.
Experimental Procedures
The Knudsen-cell mass spectrometry and the integral Knudsen effusion technique under ultra-high neutral vacuum were chosen in the present work for the experimental study. The experimental devices and procedures were the same as reported earlier. [22] [23] [24] Effusion cells and crucibles for the modeling were made from tantalum, niobium, or molybdenum. Their inner surfaces were covered with zirconia or alumina by plasma spraying in order to avoid chemical interaction between samples and the cell materials. No influence of the cell materials on the vapor composition and partial pressures of the components was detected.
Double effusion cells of 6 mm in diameter with orifice diameter varying in the range of 0.19 to 0.33 mm were used in mass spectral experiments. Nickel and cobalt served as reference substances. The temperature functions of the ion currents (vapors pressure) of these elements were well re-producible in all cases and were in good agreement with the thermodynamic databank IVTANTERMO. 25) Therefore, the data for the reference substances from this source were used in vapor pressure calculations. Ionization cross-sections of gaseous molecules were taken from Mann's report. 26) Conical effusion cells with the coefficient of resistance to molecular flow equal to 383 24, 27) were used in integral effusion experiments. The amount of the components condensed on the collecting plate was determined by the inductively-coupled plasma method with a "LABTEST" equipment.
Samples were smelted in an argon-arc furnace with a water-cooled copper mold from iron of super-high purity (mass fraction of impurities Ͻ10
Ϫ6
) and copper (99.999 wt%) annealed for 4 h at 1 073 K in chromatographically pure hydrogen for removal of residual oxygen. Random chemical analyses revealed that the samples chemical composition could be calculated with the necessary accuracy from the mass of the components. Small corrections (Ͻ0.03 mol%) connected with evaporation of more volatile copper were required only for alloys containing 5.04 and 10.1 mol% Cu.
Three types of experiments modeling removal of copper from iron melts to gaseous phase were carried out, using the same devices. They included evaporation from the exposed undisturbed surface, blowing through the melt argon and generation in the melt of CO bubbles by means of carbon oxidation reaction. Effusion cells, which allowed letting in gases, were used in mass spectral experiments. The amounts of evaporated copper were determined by means of continuous registration of the corresponding lines in mass spectra. Experiments at the device for integral effusion measurements were performed in crucibles of 30 mm in inner diameter and 50 mm in height, which had an inlet of 0.15 mm in diameter at the bottom for blowing-through gas. The mass of evaporated copper was found from the analysis of condensate. Modeling was carried out at 1 873 K under pressure of 1 to 300 Pa. Samples contained 0.1-1 wt% Cu and 0.05-0.58 wt% C. The reaction producing CO was initiated by adding to the melt fine powders of silicon and magnesium oxides.
Experimental Results
The measured vapor pressures of copper and iron ( Fig.  1) were approximated by the linear functions ln pϭ ϪA/TϩB using the least-squares method. The coefficients A and B together with uncertainties calculated for 95 % probabilities are given in Table 1 . The coefficients A for pure components allowed determination of the vaporization enthalpies, D v H T , of Cu and Fe at the middle point of the studied temperature ranges. The found values, together with the data 25) on the enthalpy changes of the gaseous and condensed phases, gave the standard sublimation enthalpies of Cu and Fe at 0 K according to the second law of thermodynamics, D s H o°( II). Each measured vapor pressure of pure components was combined with the Gibbs energy values 25) to calculate the standard sublimation enthalpies of Cu and Fe at 0 K according to the third law of thermodynamics. The results were characterized by rather small scatter and were independent on temperature. 
Thermodynamics of the Fe-Cu Liquid Solutions
Activities and partial thermodynamic characteristics of both components in the Fe-Cu solution were calculated from the measured vapor pressures using the above values of sublimation enthalpies and the thermodynamic functions of gaseous and condensed phases from database. 25) The results are given in Fig. 2 and Table 3 . As all studied alloys are Fe-based solutions, high uncertainties are inherent in ; 7 -1 873 K, Choudary et al. 16) ; 8 -1 873 K, Woolley et al. 18) the calculated partial properties of iron, which are rather low in absolute value. That is why they were also found in another way, using the Gibbs-Duhem equation expressed through the ratio of Cu ϩ and Fe ϩ ion currents. 29) 
The present activity values are compared with the information available [16] [17] [18] 20, 30, 31) in Fig. 2 . The closest agreement is observed with the data. 16, 18, 31) The transport technique was used in Ref. 31 ) while the authors 16) chose the Knudsen-cell mass spectrometry and the method based on measurements of the ratio of ion currents and the Gibbs-Duhem equation in the form similar to that indicated above. Calorimetric study 18) resulted in the description of copper partial enthalpy by an expression that is very close to the relationship following immediately from Eq. (1). The authors 18) calculated the activities of the components combining the calorimetric results with data 31) on the alloys excess Gibbs energy at 1 823 K. Oelsen et al. 30) determined the components' activities in the Fe-Cu alloys using the results of an unpublished calorimetric study of the formation enthalpy by Podgornic and neglecting the excess entropy. The last assumption seems to be the cause of somewhat lower activity values. 30) The lower values of activity were also obtained while studying the distribution of copper between iron and silver. 20) The disagreement with the present results can be explained by the fact that activities of copper in silver were found in Ref. 20 ; 9.5 at 1 823 K 32) and 8.6 at 1 873 K. 21) Good agreement with Refs. 18), 19 ) is of particular importance because the authors of these works studied dilute solutions of Cu in Fe. The main cause of discrepancy between the present results and data 16, 17, 31) seems to lie in the extrapolation from high copper concentrations used in these sources in calculations g ∞ (Cu). Disagreement with the value 20) is evidently connected with the calculation of unknown thermodynamic characteristics from the phase diagram. Thus, the results of the present experimental investigation of the Fe-Cu liquid solution agree as a whole with the most reliable literature data.
Decopperizing in the Course Vacuum Treatment of Ladle
We can now proceed to the potentialities of decopperizing in the course of ladle treatment of steel. For definiteness, we shall consider a ladle of 160 metric tons in capacity and of 3.18 m in inner diameter, filled with metal to a height of 2.91 m. The analysis will be carried out for 1 873 K and two pressures, p atm. , above the surface of metal: 100 Pa, which approximately corresponds to the highest vacuum accessible in metallurgy, and 0.1 MPa, which represents the case without vacuum treatment. At the above temperature the density of iron rϭ7 000 kg/m 3 33) and the dynamic viscosity mϭ0.0059 Pa · s. 33) Thus the pressure near the ladle bottom is ϳ0.2 or ϳ0.3 MPa for the above two values p atm. .
Evaporation into Vacuum from the Ladle Surface
The maximum rate of evaporation of any component k from solution, J(k), can be found using the Herts-Knudsen formulae:
Calculations on the basis of the described experimental data have revealed (Fig. 3) Ϫ4 kg/m 2 · s) with x(Cu) decreasing in the range of 0.01 to 0.001. These rates mean that decopperizing through evaporation from the ladle exposed surface into vacuum is a rather slow process. For example, the time required for a decrease in copper content from x Cu ϭ0.006 to 0.003 is of the order of 5 h. Approximately 530 kg Cu and 900 kg Fe vaporize during this period. The real rate of copper extraction should be even lower because at pressures exceeding ϳ15 Pa it is necessary to take into account a backward flow caused by intermolecular collisions.
Vacuum Treatment Combined with Blowing-
through. It is quite clear that decopperizing can be significantly accelerated by increasing the surface, from which evapora-
tion occurs. This can be attained by various methods such as vacuum treatment of a stream of metal, blowing neutral gases through molten metal, injection into metal of gasforming powders, generation of the decarburization reaction, producing CO bubbles, etc. As an example blowing of liquid metal with gases from the ladle bottom will be considered here, the other methods can be analyzed in a similar way.
Blowing of the ladle with gases leads to boiling-up of the liquid metal and consequently to significant increasing the exposed evaporating surface. Besides it generates a new process affecting decopperizing. This is mass transfer of copper from the melt volume into the gas bubbles free-rising from the ladle bottom. In order to evaluate the contribution of the bubbles into decopperizing efficiency, it is necessary to know the time, during which a gas bubble stays inside the melt, and the time required for a bubble to be saturated with copper. It seems proper to assume that three main forces: Archimedean buoyant force, Stokes's resistance (viscous) force and gravity-control the motion of a bubble in a viscous medium. Thus Solution of differential Eq. (3) for two p atm. indicated above was found using the Bulirsch-Stoyer method under assumption that the molar mass of gas in the bubble is 28 kg/kmol and the initial rate of its motion is equal to zero, (dx(0)/dtϭ0). The calculated durations of stay of bubbles of various initial size inside the melt are given in Table 4 . The maximum length of motion from the ladle bottom to its surface is seen to be 13.5 s.
Evaluation of copper mass transfer rate from the melt volume to an exposed surface [34] [35] [36] using impurities diffusion coefficients that are characteristic of liquid steel has led us to conclusion that depletion of the exposed surface in this element might appear only after 1 000-2 000 s. This means that the diffusional transport of copper in the melt cannot control the refinement process, especially as the melt is intensively mixed by gas blowing-through. Therefore, either vaporization or mass transport in the gas surface layer controls the transfer of copper from the melt into a bubble. The mass transport in the gas surface layer depends first of all on gas pressure, which varies from 0.2 to 100 Pa when the ladle surface is under vacuum, or from 0.3 to 0.1 MPa, if the ladle surface is under atmospheric pressure. This suggests that just this stage might be controlling because it is well known that already at pressure of ϳ150 Pa the real rate of evaporation is 1.5 times lower than the maximum possible. The data of Fischer and Janke, 10) who studied evaporation of copper from the exposed surface of molten stainless steel X 5 CrNi 18 9 under external pressures varying in the range of 0.0134 to 1 340 Pa, can be used for evaluation of the real vaporization rate of this element. For this purpose, it is necessary to present Eq. (2) In the case of diffusional control in the gaseous phase the constant of the evaporation rate, k, should be a function of pressure. The pressure dependence of k at 1 873 K in accordance with data 10) is given in Fig. 4 . One can see that, if the external pressure does not exceed ϳ20 Pa, it has no effect on k as the mode of vaporization remains molecular. The corresponding k value agrees with that evaluated according to Eq. (5) from the present experimental results for the pressure 15 Pa (see Fig. 4 ), if the difference between copper activity coefficients in iron and stainless steel is taken into account. At higher pressures, k is a function of p, which means that evaporation is controlled by the mass transport in the gaseous phase. In the range of external pressures of 134 to 1 340 Pa k is practically a linear function of ln p. The thickness of the near-surface diffusional layer varies in the interval of ϳ7-3 mm. 10) Further increase in pressure results in small positive deviations from the linearity of the k versus ln p function, which can be explained by a decrease in the critical thickness of the near-surface diffusional layer. As the bubble sizes are rather small and the surface of evaporation is closed, it is possible to extrapolate the k versus ln p function to higher pressures in order to evaluate the constant of the evaporation rate in the region of pressures interesting for the decopperizing process under consideration. The extrapolation results used in subsequent calculations are plotted in Fig. 4 as a dashed line. It is clear that the described approach has led to somewhat underestimated values, but this seems to be positive as it provides a certain factor of safety for subsequent assessments.
The results of calculations of the times and the amounts of copper required for saturation of gas bubbles of various initial diameter, d o , are presented in Table 4 . The first were carried out using the above k values. The amount of copper that could be transferred into a bubble, free-rising from the ladle bottom to the surface, was determined with the help (6) where the change in the bubble volume was found according to Gay-Lussac's law. In doing so the changes in the amount of gas in the bubble that occur due to its saturation with Cu and Fe vapors were neglected. This is justified because owing to the very low partial pressure of Cu and Fe these changes are insignificant. Table 4 shows clearly that, when the initial size a bubble changes, the times required for its surfacing and saturation vary in opposite directions. There is some limiting value of the initial size and it is high enough, below which t sat. Ͻt sur. , that is the bubbles have the opportunity to be saturated with copper vapor in the course of surfacing. According to Table 4 the limiting diameter resides somewhere between 10 and 20 mm. However, in the real case, it should be significantly higher because saturation occurs smoothly as bubbles rise to the surface and expand while we considered saturation of bubbles of the final size. Main distinctions between the bubbles behavior under the two pressures over the ladle consist in following. When the ladle is under vacuum, the increase in the volume of a rising bubble is ϳ670 higher, the bubble takes up ϳ3 orders of magnitude more copper and its lifetime is somewhat lower. However, notwithstanding these distinctions under both pressures the bubbles are saturated during approximately the same time. This fact can evidently be explained by the 5 times higher rate of evaporation and the higher expansion of bubbles under p atm. ϭ100 Pa.
With proviso that t sat. Ͻt sur. , the amount of substance of copper that is transferred into bubbles is determined not by Eq. (5) but by the Clapeyron equation written in the form .... (7) that takes into account the expansion of bubbles occurring because of the natural decrease in pressure in the course of rising to the ladle surface. Here U is the velocity of the gasstream that is blown through the liquid metal from the ladle bottom under the pressure of 0.2 or 0.3 MPa and that determines the overall initial volume of gas bubbles appearing in the melt in a unit of time. It can be seen from Eq. (7), that the main factors controlling the mass transfer of copper into bubbles are the velocity of the gas-stream, copper partial pressure, the height of the metal column in the ladle and the pressure over the metal surface.
The simplest way to allow for the turbulization of the ; 2 -present result; 3 -the value found in experimental modeling. The dashed line shows the results of extrapolation.
ladle surface and the corresponding increase in the evaporation surface area consists in introducing a special coefficient, k turb. , into Eqs. (2) and (5) . From the analysis presented, it is apparent that the decopperizing rate can be described by combination of Eqs. (2) and (7), when the ladle surface is under vacuum ............ (8) or by combination of Eqs. (5) and (7) (9) It is quite clear that k turb. depends on pressure over the ladle and the velocity of the gas-stream. It should be substantially higher when vacuum is maintained over the ladle surface because in this case the initial volume of the gas blown through the melt rises almost two thousand times. The simplest model of surface disturbance allows assuming that for the highest gas-stream velocity usually used in metallurgy (0.14 m 3 /s, as applied to a 160-tons ladle) k turb. Х3, if p atm. ϭ100 Pa, and k turb. Х2, if p atm. ϭ100 000 Pa. Calculations according to Eq. (8) show that the length of treatment required for a decrease in copper concentration from 0.6 to 0.3 wt% under pressure over the ladle equal to 100 Pa and the blowing-through gas-stream velocity of 0.14 m 3 /s amounts to 1.5 h, the main part of copper being removed by evaporation from the turbulized exposed surface. It is possible to cut the decopperizing time more than in half by decreasing the pressure up to 10 Pa and by doubling the stream velocity. If vacuum is not maintained this type technology becomes completely inefficient. Equation (9) shows that duration of treatment for above decrease in copper concentration exceeds 1 700 h.
Experimental Modeling of the Decopperizing
Process To test the validity of the discussed theoretical assessments, experimental modeling of the decopperizing process was carried out using both the Knudsen-cell mass spectrometer and the device for integral effusion measurements. The study of evaporation from the exposed surface revealed that the effect of external pressure on the rate of vaporization becomes appreciable when it exceeds ϳ10-20 Pa. The evaporation rates that were found in the range of 1 to 20 Pa practically coincided with those measured in effusion experiments. As the external pressure increased up to 100 Pa, the evaporation rate decreased by 22-24 % (Fig. 4) . Variation of carbon concentration from 0.05 to 0.58 wt% had no perceptible effect on J. An alloy containing 0.62 wt% Cu was chosen to study the effect of blowing argon through the melt on decopperizing process. The velocity of gas-stream was assessed from the measured intensity of Ar ion current (Ar pressure) and the speed of evacuation of the vacuum system. The found values, 0.7-0.8 cm 3 /s · kg, fell within the interval of gas-stream velocities usual for metallurgy. It was established that blowing of the melt raises the rate of copper transfer to gaseous phase by a factor of 1.7. As the crucibles were of a rather small size, the lifetime of bubbles, which in these experiments had the initial diameter of several tenth of mm, was too short for saturation with copper. Thus, the above increase in the decopperizing rate should be assigned to the turbulization of surface. The difference with the value accepted in the preceding assessments can be explained by difficulties of organizing uniform boiling-up of the melt in a small crucible using one inlet. Attempts to obtain more uniform turbulization were based on generation of the decarburization reaction. Fine powders of magnesium and silicon oxides were added to Fe-Cu-C alloys in stoichiometric with respect to carbon relationship. SiO 2 and dissolved carbon reacted with such intensity that it was necessary to limit carbon concentration to 0.25-0.35 wt% while in experiments with MgO this concentration was in the range of 0.35 to 0.58 wt%. It was established that decarburizing accelerates the process of copper extraction, as compared with evaporation from the exposed undisturbed surface, by a factor of 2.2-2.6 in the case of SiO 2 and by a factor of 2.8-3.1 when MgO was used. These results are closer to the degree of acceleration accepted while assessment of the efficiency of blowingthrough the 160-tons ladle. The distinction between the refining capacities of SiO 2 and MgO can be explained by different rates, with which these oxides react with carbon. The lower rate of carbon interaction with magnesium oxide leads to appearance of finer CO bubbles and correspondingly to more uniform melt boiling-up. Thus, as a whole the results of the described experiments, though they are modeling the possibilities of decopperizing in a 160-tons ladle crudely enough, has strengthened the conclusions about the efficiency of this process obtained from the analysis of copper evaporation regularities.
Conclusions
The Knudsen-cell mass spectrometry and the integral Knudsen effusion technique under ultra-high neutral vacuum were used to study evaporation and thermodynamic properties of the liquid Fe-Cu solution containing up to 10.1 mol% Cu in the temperature range of 1 770 to 1 916 K. The obtained results and literature data were applied for assessment of possibilities of steel decopperizing technology based on evaporation by the example of treatment of a 160-tons ladle. It was shown that duration of treatment necessary for a decrease in Cu concentration from 0.6 to 0.3 wt% through evaporation from the exposed ladle surface into vacuum of 100 Pa amounts to 5 h. The decopperizing process can be accelerated by combination of vacuum treatment with blowing through the molten metal neutral gases. In this case the removal of copper occurs through two processes: transfer into gas bubbles, free-rising from the ladle bottom to its surface, and evaporation from molten metal surface, turbulized by blowing-through gas. It was demonstrated that, if the initial size of the bubbles is low enough, they are saturated with copper while surfacing, so
that the Clapeyron law determines the amount of transferred Cu. However, this process makes a minor contribution to decopperizing. The main part of copper is removed by means of the second process. The length of treatment required for the above decrease in copper concentration under the most favorable conditions (the highest vacuum over the ladle and the highest velocity of gas-stream blowing through the molten metal used in metallurgy) reduces to 1.5 h. 
